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Abstract 
Horizontal starch gel electrophoresis was used to study the enzyme 
polymorphism and phylogenetic relationships among six Penaeus species (P. 
0 
chinensis, P, japonicus, P. latisulcatus, R merguiensis, P. monodon，and P. 
semisulcatus), three Metapemeus species (Af. affinis, M, ensis，M. joyneri)’ and 
one Metapenaeopsis species (M. barbata) found commonly in southern China. The 
shrimps were either acquired from the local fish market or obtained by trawling in 
the Zhu Jiang River estuary. A total of seventeen loci coding for fifteen enzymes 
were assayed in all the species studied. Genetic variability was measured by the 
proportion of polymorphic loci (P0.99) and mean heterozygosity per locus (H) while 
genetic relatedness was measured by Nei’s genetic identity and genetic distance. 
The genotypic frequencies at all polymorphic loci conformed with Hardy-
Weinberg equilibrium distribution, except 6-Pgdh in Penaeus merguiensis. Three 
loci (Alk, AOy Me) were identically monomorphic in all the species. While most 
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of the other loci were fixed for a single allele within a species, interspecific and 
intergeneric differentiation of loci was high. Estimated mean P0.99 for Penaeus was 
0.216 while that for Metapenaeus was 0.118. Genetic variability reported for 
Penaeus and Metapenaeus in the present study is low when compared with the 
values of heterozygosity reported for other invertebrates, but is well within the 
range of those for decapod crustaceans. Metapenaeopsis barbata showed the 
highest genetic variability in this study. 
Mean genetic identity among Penaeus was 0.585 while that among 
Metapenaeus was 0.630; the average value between these two genera was 0.461. 
The dendrogram based on the estimated genetic distance consisted of two major 
clusters, one consisting of all Penaeus species and the other consisting of all 
Metapenaeus species and Metapenaeopsis barbata. Among Metapenaeus, M. ensis 
and M. affinis are more related to each other than either genus to M. joyneri. The 
Penaeus cluster is composed of two subgroups, one consisting of P. japonicus and 
P. latisulcatus and the other consisting of the remaining Penaeus species. Penaeus 
japonicus in general shared a large genetic distance with other Penaeus species 
studied. These large distance values support the separation of P. japonicus from 
the subgenus Melicertus and placing it in the subgenus Marsupenaeus, Within the 
other subgroup, P, monodon and P. semisulcatus which belong to the same 
« 
subgenus Penaeus clusitrod together. A high genetic identity value between P. 
chinensis and P, monodon suggests a closer relationship between them than 
between P. chinensis and P. merguiensis，despite the latter two species belong to 
the same subgenus Fenneropenaeus, 
2 
Acknowledgements 
I am most grateful to my thesis committee members, Drs. Chu Ka Hou, 
Kwan Hoi Shan, and Paul But Pui Hay for their kind guidance and encouragement 
during these two years. I especially thank both of my academic supervisors, Drs. 
Chu Ka Hou and Kwan Hoi Shan, for their valuable comments on my thesis 
research. I must thank again Dr. Chu for his enormous patience and time in 
repeatedly reading this manuscript and his constructive comments on it. I 
appreciate his assistance greatly. I would also like to thank Dr. But who has 
showed constant concerns ever since I was an undergraduate student. 
I appreciate the assistance from the staff of the Marine Science Laboratory 
during these two years. I thank Messrs. Tarn Yuen Chung, Chung Kwok Cheong, 
and Ms. Rita Foo Wai Ting for their help in purchasing shrimps from the fish 
0 
market and collecting the shrimp samples from trawling in Zhu Jiang River 
estuary. Again, their technical assistance in the thesis research are very helpful. 
I would like to thank Messrs. Ngan Ku and Cheung Man Kwong for their 
assistance and their cheerful attitudes which can release my nervous character so 
much. I would also like to thank my fellow students in the Biology Department 
for their sincere attitudes and encouragements. I also appreciate the assistance 
from the technical staff in the Biology Department, particularly the members of 
Team A. I would like to thank Mr. Stephen Choi Cheong Ming for his instructions 
on zymogram techniques. Lastly, I thank Prof. Chen Qing Chao and his 
colleagues in the South China Sea Institute of Oceanolography, Academia Sinica, 
for their assistance in trawling and identifying the shrimps from Zhu Jiang River 
estuary. 
3 
I can never forget the encouragement and supports from my family. I must 









Table of Contents 5 
List of Tables 7 
List of Figures 8 
List of Plates 8 




2.1 The study of enzyme polymorphism 11 
2.2 The zymogram technique 20 
2.3 Molecular approaches to systematic studies 24 
2.4 Genetic variation and systematic studies of 29 
decapod Crustacea 
2.5 Taxonomy of Penaeus and Metapenaeus 33 
4 
Chapter 3 ‘ 
Materials and Methods 
3.1 Sample collection and storage 43 
3.2 Extract preparation 44 
5 
Page 
3.3 Starch gel preparation 45 
3.4 Starch gel electrophoresis 46 
3.5 Gel slicing 47 
3.6 Enzyme staining 47 
3.7 Data collection 48 
3.8 Data analysis 49 
Chapter 4 
Results 
4.1 Genetic interpretation of zymograms 65 
4.2 Conformity to Hardy-Weinberg equilibrium 67 
distribution 
4.3 Level of genetic variability 67 
4.4 Interspecific and intergeneric genetic 
differentiation 68 
Chapter 5 • 
Discussion 
5.1 Enzyme polymorphism in Penaeus and 84 
Metapenaeus 
5.2 Level of genetic variability 85 
5.3 Phylogenetic relationships 91 
5.4 Biochemical and molecular systematic 
studies of Penaeus and Metapenaeus 96 
Chapter 6 
General Conclusions 99 
References ‘ 102 
6 
List of Tables 
Page 
2.1 Polymorphism (P) and heterozygosity (H) and their coefficient of 36 
correlation (r) over nine taxa groups (From Nevo, 1978). 
2.2 Comparison of the attributes of the four primary methods of protein 37 
electrophoresis on gel support media (From Murphy et al, 1990). 
2.3 Some "chemical detection" staining methods (From Harris and 38 
Hopkinson, 1967). 
2.4 Division of Penaeus into four subgenera. 39 
2.5 Division of Penaeus into six subgenera. 40 
3.1 Shrimps used in the study. 53 
3.2 Electrophoretic buffer systems used in the study. 54 
3.3 Chemical composition of stock solutions and the enzyme recipes 55 
used. • 
4.1 The enzymes assayed in the study and the corresponding tissue 70 
source, electrophoretic buffer system and the loci involved. 
4.2 Subunit structure of the assayed enzymes. 71 
4.3 Number of individuals scored, observed relative allele frequencies, 72 
and observed heterozygosities. Seventeen loci are included. 
4.4 Summary of genetic variability over seventeen loci scored in each 78 
species. 
4.5 Average genetic variation in Penaeus and Metapenaeus. 79 
4.6 Nei's genetic distance, D, and genetic identity, I, among species. 80 
% 
4.7 Average genetic identity (I) among the two genera, Penaeus and 81 
Metapenaeus, and compared with the data from Mulley and Latter 
(1980). 
7 
List of Figures 
Page 
2.1 Types of staining systems for enzymes. (From Richardson et al” 41 
1986). 
2.2 Electro transfer dye staining systems for (a) dehydrogenase and 42 
(b) oxidases and peroxidases. (From Harris and Hopkinson, 1976). 
4.1 Phenetic dendrogram of six Penaeus species, three Metapenaeus 82 
species, and one Metapenaeopsis species in southern China based 
upon UPGMA analysis of genetic distances. 
List of Plates 
3.1 Penaeus (Fenneropenaeus) merguiensis 63 
# 
3.2 Penaeus (Melicertus) latisulcatus and Penaeus (Marsupenaeus) 63 
japonicus 
3.3 Penaeus (Penaeus) semisulcatus and Penaeus (Penaeus) monodon 64 
3.4 Metapenaeus ensis，M, affinis and M, joyneri 64 
4.1 Zymogram of Lap 83 
4.2 Zymogram of Mdh 83 
« 
8 
Chapter 1 Introduction 
Penaeid shrimps (Crustacea : Decapoda : Penaeidae) are cosmopolitan 
marine invertebrates. Dall et al (1990) listed a total of 17 genera in the family 
Penaeidae. There are 27 species in Penaeus and 25 in Metapenaeus, Penaeus is 
a primitive genus among the penaeid fauna and widely distributed throughout the 
Indo-West Pacific, eastern Pacific, eastern Atlantic, and western Atlantic regions. 
In contrast to Penaeus, Metapenaeus is a more recent genus and mostly restricted 
to the Indo-West Pacific region. Based on morphological characters, Penaeus can 
be further divided into either four or six subgenera. The validity of this 
subdivision requires support from taxonomic criteria other than morphological data. 
Studies of enzyme polymorphism by zymogram techniques are useful in 
investigating the genetic variability of organisms. Such electrophoretic data are 
also useful in deducing the phylogenetic relationships among conspecific or 
congeneric populations (Avise, 1975). Thirteen species of the genera Penaeus and 
Metapenaeus in Australian waters have been studied by allozyme electrophoresis 
to determine their genetic variability and phylogenetic relationships (Mulley and 
Latter, 1980). Three Penaeus species in American waters have also been studied 
(Lester, 1979). However, there are no biochemical data for the penaeid shrimps « 
in Indo-West Pacific region even though this region has the greatest diversity of 
penaeid fauna. Mulley and Latter (1980) concluded that successful and widespread 
marine invertebrate species occupying markedly heterogeneous physical and trophic 
environments may be characterized by extremely low levels of genetic variation. 
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Thus, it would be interesting to investigate the genetic variability of the penaeid 
shrimps in Indo-West Pacific region and to compare the results with those obtained 
in other zoogeographical regions. 
Penaeid shrimps in the South China Sea have been described in detail by 
Liu and Zhong (1986). Tseng and Cheng (1980) recorded seven Penaeus species 
(P. chinensis, P. japonicus, P. latisulcatus, P. merguiensis, R monodon, P, 
penicillatus, and P. semisulcatus), two Metapenaeus species (M, ensis and M. 
joyneri), and three other species {Metapenaeopsis barbata, Metapenaeopsis 
mogiensisy and Solenocera sinensis) as economic shrimps of Hong Kong. Most of 
these penaeid shrimps have not been studied by allozyme electrophoresis. Hence 
the local penaeid shrimps (mainly Penaeus and Metapenaeus) provide a wide 
variety of species for study. • 
The objective of the present study is to estimate the genetic variability of 
two penaeid genera, Penaeus and Metapenaeus, in southern China through 
allozyme analysis and to construct their phylogenetic relationships. The result can 
provide electrophoretic data of penaeid shrimps in Indo-West Pacific region, to 
challenge the classical morphological classification, and to verify the common 
occurrence of low genetic variability in penaeid shrimps. The present study 
included all the Penaeus and Metapenaeus species recorded by Tseng and Cheng 
4 
(1980), except P, penicillatus. One more Metapenaeus species, Af. affinis, was t 
also studied and a species of a third genus, Metapenaeopsis barbata, was included 
to serve as an out-group for comparison. 
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Chapter 2 Literature review 
2.1 The study of enzyme polymorphism 
2.1.1 Introduction 
Enzyme polymorphism refers to the occurrence of more than one forms of 
enzymes which have an identical catalytic function and can be separated by 
electrophoresis. Isozyme is the term used to represent the different molecular 
forms of an enzyme which have the same enzymatic specificity (Market and 
M0ller, 1959). Isozymes can be the products of a single locus or multiloci. 
Prakash et al (1969) defined the term "alloxymes" for the variant proteins 
produced by allelic forms of the same locus. Thus, allozymes are a subset of 
isozymes. Allozymes play a much more important role in the studies of genetic 
variation, population structure and phylogeny than other isozymes. The occurrence 
of allozymes is a consequence of mutations in the nucleotide sequence of structural 
genes which then lead to substitutions, deletions, or additions in the amino acid 
sequence of a protein. The changes may not be great enough to alter the enzymatic 
function of the mutant protein, but the conformation and the net charge of the « 
molecule may be different so that the mutant can be separated from the original 
form when an electric field is applied. The functional difference among isozymes 
most probably reflects in their kinetic behaviour, so that they may differ in the 
binding affinity for substrates or cofactors, in the thermal sensitivity of such 
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binding, in the maximum reaction rate, or in the thermal stability of the enzyme 
molecules, etc. (Johnson, 1976). 
The study of isozymes is mainly based on the zymogram technique (see 
Section 2.2). The loci under study should code for codominant alleles and located 
on autosomal chromosomes. The populations under study must be panmictic and 
are evolutionary stable (Richardson et al 1986). These can be inferred from the 
distribution of allelic frequencies of loci. The commonest way to check for a 
stable, random mating population is to test the conformity of the frequencies of 
genotypes to the Hardy-Weinberg equilibrium distribution. The assumptions 
underlying Hardy-Weinberg equilibrium are : 
1) The population must be panmictic. 
2) Large population size. • 
3) No selection, genetic drift, mutation, or migration of genotypes. 
Any deviations from the expectation of Hardy-Weinberg equilibrium distribution 
would indicate that the population is not in dynamic genetic equilibrium and should 
not be used for systematic study. 
In a study of genetic variation, the amount of variation is often measured 
by the proportion of polymorphic loci (P) and average heterozygosity per locus (H) 
(Nei, 1987). A locus is usually regarded as polymorphic when the commonest 
« 
allele has a frequency equal to or below 0.99. This definition is arbitrary. Some 
authors would take 0.95 as the critical value. It is obvious that P is subjected to 
the variation in sample size 叫d is not a good measure when the sample size is 
small. Average heterozygosity (H) is a better measure of genetic variation than P 
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as it is less dependent on sample size. In addition, H can be defined unambiguously 
in terms of gene frequencies. The value of average heterozygosity per locus is 
equal to the expected proportion of heterozygous loci in a randomly chosen 
individual in a population. This concept of heterozygosity is applicable only to 
diploid organisms. It should be noted that H is heavily affected by the choice of 
loci. In order to reduce the bias due to loci sampling, the number of loci examined 
should be as large as possible. Selander (1976) cited Lewontin's (1974) estimation 
that at least 100 loci would be required for adequate determinations of average 
heterozygosity. 
2.1.2 The maintenance of enzyme polymorphism 
Since the discovery of extensive enzyme polymorphism in natural 
populations, its biological significance has been a controversial issue which is not 
ended today. There are two opposite points of view in explaining the occurrence 
of polymorphism, focusing on whether enzyme polymorphism is maintained by 
selection pressure or not. Neutralists believe that allozymic variants are selectively 
neutral and have no contribution on evolutionary fitness. They suggested that the 
occurrence of polymorphism is a combination of mutation, random genetic drift 
« 
and small population size (Kimura and Ohta, 1971; Ohta, 1974). On the other 
囀 
hand, selectionists believe that enzyme polymorphism is maintained by some 
"balancing selection" which includes all types of selection which can maintain a 
stable polymorphism. For instance, polymorphism may represent the result of 
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heterosis or overdominance, the result of the selection on metabolic flexibility on 
using multiple substrates from the environment, and other variable selection factors 
in time or space (Richmond and Powell, 1970; Ayala and Gilpin, 1974; Johnson, 
1974). Although there is still no conclusion on what maintains enzyme 
polymorphism, allozyme electrophoretic data are still valuable in the studies of 
population structure and phylogeny. As Selander and Johnson (1973) stated, 
"...the worth of allozymic characters in systematics does not hinge on the question 
of the selective neutrality or non-neutrality of alleles. If in fact most amino acid 
substitution underlying the allelic variation detected by electrophoresis or other 
methods is neutral or nearly so, so much the better for certain systematic 
objectives, since the probability of convergence will be minimal." 
2.1.3 Genetic variation in natural populations 
Enzyme polymorphism serves as a clue to investigate the genetic variation 
and differentiation among natural populations. The application of allozyme 
electrophoresis had led to the discovery of extensive enzyme polymorphism in 
natural populations (Hams, 1966; Lewontin and Hubby, 1966). Selander (1976) 
assembled and analyzed estimates of heterozygosity in approximately 140 species 
« 
of animals and plants. He noted that in many organisms, the average proportion 
« 
of polymorphic loci (P0.99) ranged from 0.25 to 0.50, while the average 
heterozygosity per individual ranged from 0.05 to 0.15. In addition, Selander 
reviewed the protein variation among major taxonomic groups, including 
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invertebrates, vertebrates, and plants. He also discussed hypotheses accounting for 
protein polymorphisms and the effects of small population size and breeding 
systems on genetic variability. Similar and even more extensive survey have been 
done by Nevo (1978). He reviewed over two hundred animal and plant species in 
which fourteen or more loci had been studied. In addition, he compared and 
contrasted a number of explanatory models concerned with genetic variation in 
natural populations. Nevo analyzed the average proportion of polymorphic loci and 
average heterozygosities in nine taxonomic groups separately, including plants, 
invertebrates (excluding insects), insects (excluding Drosophila), Drosophila, 
osteichthyes, amphibians, reptiles, aves, and mammals, and then grouped them into 
three major taxa as plants, invertebrates, and vertebrates (Table 2.1). In an overall 
comparison of the three major taxa, the decreasing order of polymorphism was 
invertebrates, plants and then vertebrates. The analysis suggested that the amounts 
of genetic polymorphism and heterozygosity vary nonrandomly between loci, 
populations, species, habitats, and life zones, and were correlated with ecological 
heterogeneity. Since the number of scorable loci at the time of Selander's and 
Nevo's was limited, more precise and critical studies were required to test possible 
hypothesis concerning genetic variability and environmental heterogeneity. Not 
many similar reviews were available in the recent decade. Ndson and Hedgecock 
c 
(1980) studied the enzyme polymorphism and adaptive strategy in decapod 
% 
crustaceans while Hedrick (1986) gave a comparatively recent review on the 
relationship of heterogeneous environments and genetic variation. Some examples 
of studies on the genetic variations include those on insects (Ayala et al” 1972; 
15 
Barker and Mulley, 1976), molluscs (Alvarez et al” 1989), crustaceans (Tracey 
ef al” 1975; Fevolden, 1988; Weider, 1989), fishes (Williams et al, 1973; 
Karakousis and Triantaphyllidis, 1990; Ropson et al” 1990), and mammals 
(Breshears et al.，1988). 
2.1.4 Systematic values of electrophoretic data 
Avise (1975) discussed the advantages and disadvantages of using 
electrophoretic data in systematics and their level of application. He reported two 
consistent observations from a number of multi-loci electrophoretic studies: "(1) 
levels of genie similarity between conspecific populations appear very high 
(populations nearly identical in allelic content at-85 percent or more of their loci) 
and (2) genie similarities between different, even very closely related species, are 
generally much lower and more widely dispersed (congeneric species pairs often 
completely distinct at one-fifth to four-fifths of their loci)." The study of 
phylogenetic relationship can base on the percentage of shared alleles, but the 
limiting point is where no alleles are shared between two populations and this point 
is probably above the genus level. Avise stated that the arrangement of various 
species groups based on electrophoretic data usually corresponds very closely to 
« 
the one based on classical morphological criteria. Electrophoretic technique is a 
valuable tool in systematic studies, particularly in ordering genetic similarities 
•V-. 
between closely related species (e.g. Ayala et al” 1972). 
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Electrophoretic data have been extensively applied in systematic studies. 
Hedges (1986) studied the phylogenetic relationships of thirty taxa of Holarctic 
hylid frogs using starch gel electrophoresis. Thirty-three genetic loci were studied 
and the genetic distance data among the taxa were used to construct a phylogenetic 
tree. He found that the tree agreed well with results from immunological, nucleic 
acid hybridization, and chromosomal studies, but conflicted with those from some 
morphological studies. Wayne and O'Brien (1987) studied the allozyme divergence 
within the Canidae, which is a morphologically diverse family of dog-like 
carnivores. They studied twelve canid genera over fifty-one genetic loci. The 
results suggested that the Canidae could be divided into several distinct groups and 
a phylogenetic tree was constructed by using the distance data. Lee and Tsoi 
(1988) used isozyme analysis over 18 loci to study the relationships of ten lutjanoid 
species from six genera. They applied the electrophoretic data on higher categories 
of fish classification. The genetic similarity values were compared between 
congeneric species, between consubfamilial genera, between nonconsubfamilial 
genera, and between consuperfamilial genera. A phylogenetic tree was 
constructed. Other examples of biochemical systematic study include those dealing 
with crustaceans (Chow and Fujio, 1985a, b), echinoderms (Matsuoka, 1985; 
Matsuoka and Suzuki, 1989), fishes (Basaglia, 1991), and amphibians (Green et 
ai, 1989). 
Although electrophoretic data have been extensively applied in the study of 
genetic variability and systematics, their application has some limitations and 
drawbacks (Avise, 1975). Enzyme staining requires enzyme activity and thus the 
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technique is restricted to living organisms and extant species only. It can never 
deal with dead remains or extinct species. Electrophoresis reveals only a small 
fraction of the protein variations of the genome. Enzyme electrophoresis primarily 
works with water-soluble proteins encoded by structural genes. It seldom deals 
with membrane proteins. It is estimated that less than 10% of the DNA in 
eukaryotes comprises structural genes which produce proteins. In addition, 
redundancy of the genetic code results in that about thirty percent of nucleotide 
substitutions cause no modification in the amino acid sequence of proteins. It has 
been estimated that only about thirty percent of the possible nucleotide substitutions 
lead to detectable amino acid changes. Furthermore, substitution of amino acids 
may not change the net charge and conformation of a protein. These silent 
mutations cannot be detected by electrophoresis. In addition, allozyme 
electrophoresis cannot provide information on the number of mutational events 
occurred between two alleles. Thus, implications from electrophoretic data may 
underestimate the genetic variability and divergence among populations. 
2.1.5 Electrophoretic data analysis 
Electrophoretic studies generate the data base for biochemical systematics. 
There are various options for the methods of analysis and each method may involve 
« 
different assumptions. Buth (1984) reviewed the application and the treatment of 
electrophoretic data in systematic studies. The standard procedure consists of (1) 
interpreting electromorphs on gels, (2) computing allele frequencies at various loci, 
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(3) converting allelic frequency data into a measure of genetic distance among 
populations, and (4) clustering these coefficients. In his paper, Buth compared the 
options in each step of data treatment. By far, the most general way to assess 
phylogenetic relationships using electrophoretic data is to draw a distance matrix 
for painvise comparison and then use the unweighted pair-group method with 
arithmetic averages (UPGMA) to conduct the cluster analysis. 
Genetic differentiation among species or genera can be indicated by the 
number of diagnostic loci. A locus is defined as diagnostic between two species 
if the probability of correctly assigning a given individual to one or the other 
species based on its genotype at that locus is greater than some arbitrary criteria 
(Ayala and Powell, 1972), such as a probability of assigning an individual to the 
correct population is 0.99 or higher. A more common measurement of genetic 
differentiation among various species is in term of genetic distance (D) or genetic 
identity (I). The D value not only consider the polymorphic loci at which there is 
overlapping between species, but also polymorphic and invariant loci at which there 
is no difference between species. Theoretically, this D value reflect the number 
of codon differences per locus between two species and is directly related to the 
time since divergence (Nei, 1971). On the other hand, the I value represent the 
average probability per locus of selecting two electrophoretically identical alleles, 
« 
one from each of two different species. 
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2.2 The zymogram technique 
The zymogram technique was developed by Hunter and Markert (1957) who 
combined gel electrophoresis and histochemical staining methods. Its application 
soon became a useful methodology in the studies of genetic variations, population 
structure, as well as systematics. 
2.2.1 Starch gel electrophoresis 
Electrophoresis detects differences in protein molecules on the basis of their 
net electrostatic charges per mass and, depending on the supporting medium, the 
size and the conformation of the molecules as well. In Table 2.2, four different 
supporting media were compared. 
Since 1955 when starch gel was first used as the supporting medium in 
electrophoresis (Smithies, 1955), it has been widely used in the separation of 
proteins. Although polyacrylamide gel may give a better resolution (Gordon, 
1975), starch gel can also detect minute changes in the electrostatic properties of 
protein molecules and it is both cheaper and non-toxic when compared to 
polyacrylamide gel. Another major advantage in using starch gel is that the large 
« 
block of starch gel can be sliced into several pieces after electrophoresis. Thus 
several different enzymes can be assayed in a single run of starch gel 
electrophoresis. The size of the gel pore can be altered by varying the ratio of 




Starch gel can separate proteins on the basis of both size and charge. There are 
two ways to set up the starch gel, horizontal and vertical. In general, the vertical 
system is more costly as it requires more starch and allows fewer samples to run 
per gel. 
The principles of gel electrophoresis and the factors which affect the process 
are well documented (Gordon, 1975; Richardson et al” 1986; Murphy et al” 
1990). Besides the properties of protein molecules and the nature of supporting 
medium, the composition of the ionic buffer and the voltage applied are also 
factors for consideration. Buffer forms an ionic connection between the electrodes 
and the gel. Its primary function is to buffer against pH change which may occur 
during electrophoresis. Low ionic strength buffers would lead to more of the 
electric current being carried by the protein rather than the buffer. This provides 
faster migration rate and lower heat generation. On the other hand, high ionic 
strength buffers can promote the separation of proteins, but result in low migration 
rate and high heat production. There are two kinds of buffer system : (1) the 
continuous buffer system in which both gel buffer and electrode buffer are 
identical, and (2) the discontinuous buffer system where the two buffers have 
different composition. Discontinuous systems could lead to sharper zones of 
proteins because of the effect of the front (the interface between the two buffer 
« 
systems) as the front moves along the gel (Poulik, 1957). 
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2.2.2 Histodiemical staining methods 
The principles of enzyme staining have been illustrated in some publications 
(Harris and Hopkinson, 1976; Richardson et al” 1986). After the separation of 
the allelic forms of isozyme by gel electrophoresis, a staining system is generally 
followed so as to identify the sites of the target enzymes. In order to detect a 
specific enzyme out of the many present in the sample extract, a specific 
histochemical staining technique is applied in which some functional properties of 
the enzyme are detected. Figure 2.1 shows three types of staining systems for 
enzymes. Type A represents the case in which the enzyme converts the substrate 
into a visible product and thus no extraneous material is required. This is, 
however, seldom encountered. In type B and C systems, the products are not 
visible and a histochemical visualization mechanism must be followed. A linking 
enzyme is used in type C system such that the product formed by the target enzyme 
is converted to another product which can become visible through a visualization 
mechanism. 
For the histochemical staining mechanisms, the electron transfer dye 
staining methods are most widely used for the detection of isozyme after 
electrophoresis. For example, the tetrazolium salts, methyl thiazolyl tetrazolium 
(MTT) and nitro blue tetrazolium (NBT), are acceptors for dehydrogenase reactions 
and 3-amino-9-ethyl carbazole is an acceptor for oxidase and peroxidase reactions, 
as shown in Figure 2.2. 
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In the tetrazolium system, the dehydrogenase reactions involve hydrogen ion 
transfers from substrate to nicotinamide adenine dinucleotide (NAD) or 
nicotinamide adenine dinucleotide phosphate (NADP). Phenazine methosulphate 
(PMS) is then used to transfer the hydrogen ion from NAD or NADP to 
tetrazolium salt which is then reduced to form a dark blue-puiple insoluble 
formazon on the gel where the target enzyme is located. The 3-amino-9-ethyl 
carbazole is a yellow soluble dye which can be oxidized to a dark brown insoluble 
compound. 
Besides the electron transfer dye staining methods, chemical detection 
staining methods can also be applied as the visualization mechanisms. This method 
also produces coloured compounds at the sites of enzymatic activity. There are 
two types of stains: positive stain in which the colour is formed by a reaction with 
the product of the enzyme activity, and negative stain in which the colour is formed 
by a reaction with the substrate. Table 2.3 shows some examples of chemical 
stains. 
Staining recipes have been accumulated for more than one hundred enzymes 
(Brewer, 1970; Shaw and Prasad, 1970; Hams and Hopkinson, 1976; Richardson 
et al” 1986; Pasteur et al, 1988; Murphy et al•，1990), but may need 




2-3. Molecular approaches to systematic studies 
A revolution of systematics took place when the isolation and in vitro 
amplification of DNA became feasible. Due to the diversity in the rate of 
evolution in different portions of a genome, different biomolecules together provide 
a wide spectrum of phylogenetic record, extending from very recent geological 
time to the origin of life on earth. Allozymes are mostly used in the studies among 
conspecific or congeneric populations. A much wider range of evolutionary 
divergence can be accessed by the study on DNA. Hillis (1987) commented on 
molecular versus morphological approaches to systematics. He outlined the 
advantages and assumptions in using either approach and argued for the 
complementary nature of molcculdr 3jid morphologicsl daUi in maximizing the 
phylogenetic information. While few morphological characters are shared among 
distantly related groups (reptiles and mammals, for instance), the phylogenetic 
relationships of these groups can be studied by using slowly evolved portions in the 
genome. 
Molecular techniques which can be used to infer phylogeny include DNA-
DNA hybridization (Werman et al, 1990), restriction fragment length 
polymorphism (RFLP) (Dowling et al, 1990), and DNA sequencing (Hillis et al, 
« 
1990). DNA hybridization method gives an indirect comparison of DNA sequences 
between two samples by studying the reassociation kinetics of the hybrid 
molecules. Only the amount of sequence divergence between genomes can be 
estimated by this method and no character data are obtained (Springer and 
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Krajewski, 1989). RFLP measures the number and size of specific fragments 
produced by digestion of DNA with restriction endonucleases. Using this 
technique, the approximate amount of difference or events of base substitutions 
between two DNA sequences can be estimated (Avise et al, 1979). Discrete 
characters like the presence of specific restriction site and its relative position on 
the chromosome can be investigated through restriction mapping. In contrast to 
DNA hybridization and RFLP, DNA sequencing is a direct method to explore both 
the amount and kind of changes between two homologous DNA sequences. It is 
preferable to other molecular methods as it permits straightforward, quantitative 
interpretation and forms a growing database for subsequent reference. The large 
amount of DNA required for sequencing can be generated by Polymerase Chain 
Reaction (PGR). PGR is a powerful technique which can amplify a specific 
segment of DNA millionfold within a short period of time (Oste, 1988). This 
technique has a great impact on the methodology and level of study on systematics 
and population biology (Kocher and White, 1989; Amheim et al•，1990). Two 
common candidates for study are mitochondrial genome and the ribosomal RNA 
genes. 
2.3.1 Ribosomal DNA (rDNA) 
« 
« 
Ribosomal DNA (rDNA) includes the ribosomal RNA (rRNA) genes and 
the intervening spacer regions. It can be found in the nuclear genome as well as 
the mitochondrial genome. Several features facilitate the systematic versatility of 
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rDNA, including the numerous rates of evolution among different regions ofrDNA 
genes and their intervening spacer regions, the presence of many copies of rDNA 
sequences per genome in eukaryotes, and the pattern of concerted evolution that 
occurs among repeated copies. In the eukaryote nuclear genome, the number of 
tandemly repeated copies of rDNA may be up to several hundreds, and the coding 
regions consist of 18S (S, sedimentation value), 5.8S and 28S genes, with four 
noncoding regions which may contain signals for processing the rRNA transcripts. 
The prokaryote rRNA genes have no associated spacers and may have one to 
several copies per genome. The coding regions consist of 16S, 5S, and 23S genes 
corresponding to those of eukaryotes. Animal mitochondrial rDNA has no 
associated spacer and occurs in one copy per molecule. It consists of 12S and 16S 
genes. , 
Ribosomal RNA genes are commonly used in phylogenetic analysis. The 
evolution and phylogenetic inference of rDNA have been reviewed (Mindell and 
Honeycutt, 1990; Hillis and Dixon, 1991). The rate of evolution vary greatly 
among different regions of the rDNA. As rRNA is involved in basic life 
processes, some essential sequences (e.g. 18S and 5.8S rRNA in eukaryotes) 
evolved very slowly such that homologies established throughout living organisms. 
These highly conserved regions are valuable to infer phylogeny among distantly 
4 
related taxa (Pace al” 1986). The 18S rRNA gene in eukaryotes and its 
counterpart, the 16S rRNA gene in the prokaryotes are among the slowest evolving 
sequences found throughout living organisms. Based on about one thousand 
homologous characters (nucleotides) in 16S-like rRNA genes, the extant organisms 
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are put into three primary lines of evolutionary descent: the eukaryotes, the 
eubacteria, and the archaebacteria (Fox et al” 1980). Thus, these 16S-like rRNA 
genes allow the study of kingdom-level relationships. The regions of highly 
conserved sequences within most rRNA genes are also very useful for constructing 
universal primers (Hillis and Dixon, 1991). These primers can be used in several 
areas, including sequencing of rRNA or rDNA from various species, amplification 
of interested regions by PGR, and use as probes in restriction enzyme analysis. 
Most studies using rRNA genes to infer phylogeny focus on bacteria, fungi and 
protozoa, but studies on invertebrates (Kim and Abele, 1990; Lake, 1990) and 
vertebrates (Hixson and Brown, 1986; Hillis and Davis, 1987; Densmore and 
White, 1991) appear rapidly. 
2.3.2 Mitochondrial DNA (mtDNA) 
In contrast to rDNA, rapidly evolving DNA sequences can be found in the 
mtDNA genome. In higher animals, mtDNA is a closed circular molecule with no 
spacer sequence, no repetitive DNA, and very conservative in size, gene content, 
and gene arrangement, but rapidly evolving at the nucleotide sequence level (Avise, 
1986). Studies on primates indicated that the rate of mtDNA evolution was about 
« 
5-10 times higher than that of nuclear DNA (Brown et al•’ 1979). In addition to 
its rapid rate of evolution, its maternal and nonrecombinant mode of inheritance 
makes it a valuable tool in studying evolutionary relationships and zoogeographic 
substructuring within and among conspecific populations. As mtDNA genotypes 
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usually have a unique evolutionary origin and are preserved intact by 
nonrecombinant transmission, they are useful in distinguishing introgression from 
convergent evolution or descent from a common ancestor. 
The evolution of animal mtDNA and its application in the study of 
population biology and phylogenetic relationships among organisms have been 
extensively reviewed (Barton and Jones, 1983; Avise, 1986; Avise et al•，1987; 
Moritz et al, 1987). The data mainly consist of sequences and restriction site 
analysis. Some regions in the mtDNA genome are highly conserved, such as the 
rRNA genes, the anticodon loops of tRNA genes, and the gene portions coding for 
the active sites of enzymes, like cytochrome b. These regions provide ideal sites 
for the construction of universal primers. By using a standard set of primers, 
Kocher et al (1989) used the PGR to amplify homologous segments of mtDNA 
from more than 100 animal species, including invertebrates, amphibians, fishes, 
birds, and mammals. The comparison of these homologous sequences provided 
valuable information on phylogenetic and population studies. Before the 
development of PGR technique, most of the phylogenetic studies using mtDNA 
were based on restriction enzyme analysis. A wide variety of animals have been 
studied, including molluscs (Edwards and Skibinski, 1987), crustaceans (Palumbi 
and Brand, 1992), fishes (Wilson et aL, 1985; Thomas et al•，1986; Gonzalez-
« 
Villasenor and Powers, 1990)，birds (Kessler and Avise, 1984), and mammals 
(Avise et a/., 1979; Ferris et al” 1981; Yonekawa et al” 1981; Shields and 
Kocher, 1991). 
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Genetic variation and systematic studies of decapod Crustacea 
Hedgecock et al (1982) reviewed the protein polymorphism data from 97 
crustacean species. In 12 to 43 loci (an average 23 loci), the authors found that 
the proportion of polymorphic loci (P0.99) in the average population is about 0.3 and 
the heterozygosity (H) of an average individual is 0.073. These values indicated 
a substantial genetic variation in Crustacea, although the values were comparatively 
lower than those reported for other invertebrates (P, 0.397; H, 0.112; Nevo, 
1978). This review also noted that the genetic variability in Crustacea is clearly 
not evenly distributed over taxonomic groups. Decapoda is lower in the level of 
variation (P < 0.27; H < 0.07) than other forms like Branchiopoda and 
Maxillopoda (P > 0.38; H ^ 0.12). 
Redfield et al (1980) studied the genetic variation in seven decapod and 
two stomatopod species from the Gulf of Carpentaria, Australia. All species 
studied had low level of heterozygosity (P0.95 < 0.24; H < 0.06) as compared to 
other invertebrates, and the lowest genetic variability was found in Penaeus 
merguiensis which had an average heterozygosity of only 0.008. No existing 
hypothesis at that time could explain the phenomenon. Nelson and Hedgecock 
(1980) studied the distribution of enzyme polymorphism in 4.4 species of decapod 
crustaceans over an average of 26 loci and 24 individuals per species. Similarly, 
« 
they found low level of genetic variability among the decapods. In addition, they 
、\ 
attempted to investigate the adaptive strategies of decapod crustaceans by estimating 
the correlations of electrophoretic variability levels with a number of environmental 
variables. 
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Low level of genetic variability has been demonstrated in many decapod 
crustaceans. Tracey et al (1975) studied the genetic variation and population 
structure of American lobster, Homarus americanus, over 44 loci. They found 
very small interpopulation difference and the average heterozygosity per individual 
was as low as 0.038. However, differentiation among populations was found at the 
» 
Me locus which supported the suggestion of geographically isolated inshore and 
offshore populations. Hedgecock et al (1977) examined the level of genetic 
variation in the European lobster, Homarus gammams and compared it with the 
American lobster. It was found that although these two species were 
morphologically distinct, they had only low level of protein divergence with genetic 
identity (I) of 0.896. Crayfish also displayed low level of genetic variability. 
Brown (1980) found extremely low value of heterozygosity (range 0.0 - 0.025) in 
the crayfish Cambarus and Procambarus species studied and high similarity within 
the latter genus. Besides lobster and crayfish, penaeid shrimps are also poor in 
genetic variability. Mulley and Latter (1980) showed that the level of 
heterozygosity over 37 loci within six species of Metapenaeus and seven species 
of Penaeus in Australia range from 0.006 to 0.033. The average proportion of 
polymorphic loci was only 0.14. Lester (1979) studied three penaeid shrimps from 
the Gulf of Mexico and found little subpopulation differentiation within each 
species. It was suggested that genetic diversity in the Penaeidae was among the 
lowest recorded for any animals (Dall et aL，1990). 
Biochemical genetics is not only useful in the measurement of genetic 
variability and in the study of population structure, but also a helpful tool in the 
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study of phylogenetic relationships. Some cryptic species which are 
morphologically indistinguishable can be differentiated by using allozyme analysis. 
Chow and Fujio (1985c) used biochemical evidence to show that there were two 
types of fresh water shrimp, Palaemon paucidens, inhabiting the same water 
system. The distinction was also supported by the differences in egg size and some 
t 
morphological features. Selander et al (1971) recognized two sibling species of 
fiddler crab, Vcapugilator, which differ in allelic composition at three loci. Based 
on three diagnostic biochemical characters, Johnson et al, (1974) made a key for 
five species of pandalid shrimps found in the northeastern Pacific Ocean. Berglund 
and Lagercrantz (1983) used allozyme electrophoresis to study the genetic 
differentiation among subpopulations of two Palaemon species and presented a 
dendrogram to summarize the genetic relationships among the populations of the 
two species. Based on electrophoretic data, Chu et al. (1990) demonstrated a 
closer relationship of the lobster, Metanephrops formosanus towards the M, 
japonicus lineage, than the M, thomsoni lineage. Chow and Fujio (1985b) studied 
the genetic variability and differentiation of the palaemonid shrimps. The 
phylogenetic relationships among five species of Macrobrachium and three species 
of Palaemon were investigated. Mulley and Latter (1980) elcctrophoretically 
studied the phylogenetic relationships among thirteen species of penaeid shrimps. 
• * 
In most cases, the results based on electrophoretic data supported taxonomic 
groupings based on morphological or behavioural criteria. 
Systematics of the decapod crustaceans are mainly based on morphological 
criteria and to some extent, biochemical criteria. The rapid development of 
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molecular biology in the recent decade also has an impact in the study of 
crustacean phylogeny. As early as 1976, Vaughn and Traeger (1976) studied the 
conservation of repeated DNA base sequences in Crustacea and suggested a 
molecular approach to study decapod phylogeny. They used the data obtained from 
molecular hybridization of ^H-labelled repetitive DNA'to reconstruct a broad 
» 
outline of the phylogenetic relationships among decapod Crustacea. Their results 
agreed quite well with the one obtained from morphological approach. Since the 
sample size in their study was very limited, the reconstructed phylogenetic tree was 
only a rough one. Palumbi and Brand (1992) studied the mitochondrial DNA 
variability among four species of penaeid shrimps : two belonged to the subgenus 
Litopenaeus, one belonged to the subgenus Penaeus and one Metapenaeus species. 
They amplified a 700-800 base pair section of the 3' end of the mitochondrial 
cytochrome oxidase I gene by polymerase chain reaction. The DNA segment was 
sequenced and compared for homology. In addition, they also attempted restriction 
site analysis of the complete mitochondrial genome in the two Litopenaeus species. 
The results of DNA homology and restriction site analysis indicated similar degree 
of divergence between the two Litopenaeus species. A phylogenetic tree based on 
the DNA homology data clustered the three Penaeus species together, with the two 
Litopenaeus species being closer. Thus, the results fit the subgenus grouping in 
Penaeus species. Kim and Abele (1990) used nucleotide sequences of the 18S 
ribosomal RNA gene to investigate the phylogenetic relationships of decapod 
crustaceans. Their results support the recognition of the two suborders 
Dendrobranchiata and Pleocyemata in Decapoda (Bowman and Abele, 1982). 
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Abele (1991) compared the morphological and molecular phytogeny of Decapoda 
and proposed a phytogeny which summarized the results from morphological and 
molecular approaches. 
2.5 Taxonomy of Penaeus and Metapenaeus 
9 
Penaeus and Metapenaeus are members of Family Penaeidae, Order 
Decapoda, Class Crustacea. Among the 17 genera in this family, Penaeus is the 
best known and most abundant genus, followed by Metapenaeus, There are 27 and 
25 species in Penaeus and Metapemeus, respectively (Dall et al, 1990). Both 
genera are commercially important. The adults of Penaeus species are mostly easy 
to identify when alive as most of them have distinctive and fairly consistent colour 
pattern. On the other hand, most Metapenaeus species are difficult to identify as 
they usually lack colour pattern on their body. The identification of Metapenaeus 
species mostly depends on the morphology of external genitalia (petasma and 
thelycum). Other useful taxonomic characters include the carina and sulci on the 
carapace, spines on telson, length and shape of the rostrum, the presence or 
absence of exopods on specific pereopods, etc. Dall et al (1990) gave very 
detailed descriptions on the morphology of each penaeid species and provided a key 
as weil. 
Penaeus is quite cosmopolitan and widely distributed in the Indo-west 
Pacific, eastern Pacific, western Atlantic, and eastern Atlantic regions. 
Metapenaeus is mainly restricted to the Indo-west Pacific region. Holthuis (1980) 
-f 
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produced a species catalogue on the suborder Natantia of Decapoda, which 
included all the shrimps and shrimp-like Crustacea. This catalogue is not detailed 
enough for species identification but provided detailed fishery information on each 
species, including distribution, habitat, interest to fisheries, etc. Dall et al (1990) 
gave the most recent and comprehensive review on the taxonomy of penaeid 
t 
shrimps. They listed some key taxonomic literature in various zoogeographical 
regions, including the Indo-West Pacific region. Among the literature in this 
region, Liu and Zhong (1986) gave detailed descriptions on the morphology and 
biology of the penaeid shrimps found in South China Sea. They recorded eleven 
species of Penaeus and five species of Metapenaeus, Yu and Chan (1986) 
described penaeid shrimps in Taiwan area, where nine species of Penaeus and six 
species of Metapenaeus were recorded. Penaeid fauna in Hong Kong waters had 
been surveyed and identifi明 by Cheung (1960), Wear and Stirling (1974), and 
Tseng and Cheng (1980). Tseng and Cheng identified seven species of Penaeus 
and two species of Metapenaeus as economic important shrimps in Hong Kong. 
According to Dall et al (1990), there is no subdivision of Metapenaeus into 
subgenera while Penaeus can be further subdivided into either four or six 
subgenera. Subdivision of Penaeus is based on external morphological features. 
The members of this genus can be divided into two groups according to the 
presence or absence of a gastrofrontal carina and the length of adrostral carina and 
sulci. In one group, the adrostral carina and sulci are long and reach the posterior 
border of the canipEcc. Members of this group also had a gastrofrontal carina. 
This group is known as "grooved shrimps". The members of other groups have 
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short adrostral carina and sulci which do not reach the posterior border of 
carapace, and gastrofrontal carina is absent. This latter group can be further 
divided into two divisions, based on the presence or absence of a hepatic carina. 
A small group of American species which has open type thelycum can further be 
separated from the division having hepatic carina. These'four groups were raised 
to subgenera status by Farfante (1969) : Penaeus, P, monodon group (with an 
hepatic carina); Fenneropenaeus, P, indicus group (without an hepatic carina); 
Litopenaeus, P. vamamei group (open thelycum types); and Melicertus, the 
grooved shrimps (Table 2.4). In Holthuis’（1980) species catalogue, the division 
of Penaeus into six subgenera was used. The difference of the six subgenera 
scheme from the four subgenera division is on the separation of American grooved 
shrimps and P.Japonicus from Melicertus into Farfantepemeus and Marsupenaeus, 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.4 Division of Penaeus into four subgenera. 
i) Subgenus Melicertus ii) Subgenus Fenneropenaeus 
-closed type thelycum - closed type thelycum 
-wi th gastrofrontal carina •• no gastrofrontal carina 
-wi th hepatic carina - no hepatic carina 
- l o n g gastro-orbital carina - short gastro-orbital carina 
- 凡 brevirostris Kingsley, 1878 - P. indicus H. Milne Edwards, 1837 
P. californiensis Holmes, 1900 P. merguiensis De Man, 1888 
尺 aztecus Ives, 1891 尸.penicillatus Alcock, 1905 
P. subtilisy P^rez-Farfante, 1967 P. chinensis (Osbeck, 1765) 
P. paulensis Perez-Farfante, 1967 
尸.brasiliensis Latreille, 1817 
P. duorarum Burkenroad, 1939 
P. notialis P^rez-Farfante, 1967 
P. kerathurus (Forska, 1775) 
P. latisulcatus Kishinouye, 1896 
P. longistylus Kubo, 1943 
P. marginatus Randall, 1840 
P. plebejus Hess, 1865 
P. japonicus Bate, 1888 
P. canaliculatus (Olivier, 1811) 
iii) Subgenus Penaeus iv) Subgenus Litopenaeus 
一 closed type thelycum - open type thelycum 
~ no gastrofrontal carina ~ no gastrofrontal carina 一 with hepatic carina ~ with hepatic carina 
~ short gastro-orbital carina — short gastro-orbital carina 
- P. monodon Fabricius, 1798 - P. vannamei Boone, 1931 
P. esculentus Haswell, 1879 尸.stylirostris Stimpson, 1874 
P. semisulcatus De Haan, 1844 P. occidentalis Streets, 1871 
P. schmitti Burkenroad, 1936 
P. setiferus (Linnaeus, 1767) 
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Table 2.5 Division of Penaeus into six subgenera. 
i) Subgenus Penaeus ii) Subgenus Litopenaeus 
- 凡 monodon Fabricius, 1798 - P. vannamei Boone, 1931 
尸.esculentus Haswell, 1879 P. stylirostns Stimpson, 1874 
尸.semisulcatus De Haan, 1844 P. occidentalis Streets’ 1871 
P. schndtti Burkenroad, 1936 
P. setiferus (Linnaeus, 1767) 
iii) Subgenus Melicertus iv) Subgenus Fenneropenaeus 
- P. latisulcatus Kishinouye, 1896 - P. indicus H. Milne Edwards, 1837 
P. longistylus Kubo, 1943 P. merguiensis De Man, 1888 
尺 marginatus Randall, 1840 P. penicillatus Alcock, 1905 
P. plebejus Hess, 1865 P. chinensis (Osbeck, 1765) 
P. canaliculatus (Olivier, 1811) 
P. kerathurus (Forsk&l, 1775) 
V) Subgenus Faifantepenaeus vi) Subgenus Marsupenaeus 
~ 尸.brevirostris Kingsley, 1878 - P. japonicus Bate, 1888 
P. californiensis Holmes, 1900 P. aztecus Ives, 1891 
P. subtilisy P6rez-Farfante, 1967 P. paulensis P6rez-Farfante, 1967 
P. brasiliensis Latreille, 1817 P. duorarum Burkenroad, 1939 
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Chapter 3 Materials and Methods 
3.1 Sample collection and storage 
Six species of Penaeus and three species of Metapenaeus were collected 
from two sampling sources between December, 1990 and January, 1992. Each 
species was collected from one source only and at least thirty individuals were 
sampled. Six species, including Penaeus japonicus, P. latisulcatus, P. 
merguiensis, P. monodon, P. semisulcatus, and Metapenaeus ensis，were acquired 
from the fish market in Lee Yue Mun, Hong Kong, between October, 1990 and 
October, 1991. The remaining three species, P, chinensis, M, affinis, and M. 
joyneri, were collected from Zhu Jiang River estuary by trawling in June and 
September, 1991. One extra species, Metapemeopsis barbata, was collected from 
the fish market. This species was taken as an outgroup in the study. Most of the 
shrimps sampled were adults and identified according to the description in Liu and 
Zhong (1986). Table 3.1 summarized the average size of the shrimps sampled for 
each species. Plates 3.1, 3.2, 3.3 and 3.4 show the appearance of the shrimps. 
The shrimps purchased from fish market were transported alive to the 
Marine Science Laboratory, Chinese University of Hong Kong, where the whole 
fl 
shrimps were immediately frozen at -70 until processing for electrophoresis. 
\ The shrimps caught from Zhu Jiang estuary were transported on dry ice in two to 
three days, time to Marine Science Laboratory and stored in -70 ®C. The samples 
might be stored for one to six months before processing. 
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3.2 Extract preparation 
The specimens to be analyzed were thawed and dissected. Homogenates 
were prepared from two tissue sources : abdominal muscle and hepatopancreas. 
Cold (4。(：）homogenization buffer containing 0.01 M Tris, 0.001 M EDTA(Na2), 
0.001 M B-mercaptoethanol and 5 g/1 NADP was used. The NADP was added to 
stabilize NADP-dependent dehydrogenase, while B-mercaptoethanol was used as 
a reducing agent to minimize oxidative changes and thus reduced minor bands in 
electrophoresis. 
The homogenization of abdominal muscle was done by an electrical tissue 
grinder. Since the homogenate was quite viscous, the volume ratio of buffer to 
tissue was 2.5 to 1, or more. Usually, three ml of buffer was used each time. 
The homogenization of hepatopancreas was done by a motorized pestle and a 5-ml 
tube. The volume ratio of buffer to tissue was 1 to 1. 
The homogenates were centrifuged at high speed in a table top centrifuge 
at 4 °C for 20 minutes. The pellet was discarded and the supernatant was decanted 
into four 1.5-ml Eppendorf tubes and stored at -70 ®C until electrophoresis. The 





3.3 Starch gel preparation 
The procedures of gel preparation were similar to that ofRedfield and Salini 
(1980). Hydrolyzed starch specified for gel electrophoresis was purchased from 
Sigma (Lot no. 99F-0702, 10H5610, 40H5611, 41H0230, 121H0540). Gels were 
12 % starch. Three different electrophoretic buffer systems were used (Table 3.2). 
Depending on the mould used, there were two sizes of starch gel prepared. The 
large one was 18 cm x 18 cm x 1 cm, which required 450 ml buffer and 54 g 
starch. The small one was 18 cm x 18 cm x 0.6 cm, which required 300 ml buffer 
and 36 g starch. 
In preparing starch gel, a 1-litre flask with sidearm was used. Thorough 
mixing of starch and the gel buffer was very important to ensure a homogenous 
starch gel to be made. The starch and buffer mixture was heated over an heater 
with frequent swirling. The texture of this mixture would become very viscous and 
opaque when the starch began to dissolve. When all the starch powder dissolved, 
the mixture was heated for a little while more, the solution would become more 
fluid-like (less-viscous) and translucent. At this time, many bubbles evolved from 
the bottom of the solution and some large bubbles rose to the top of the solution. 
The flask was then connected to an air-aspirator to remove excess air under 
reduced pressure. The time of degassing was ten to fifteen seconds. The degassed 
solution was poured into a mould attached to a glass plate with vacuum grease. 
• Any starch pellets or air bubbles observed were removed immediately. The gel 
was then covered with a glass plate to ensure a flat surface in electrophoresis. 
•-J. 
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When the gel was cool, it was put into a plastic bag and store in a refrigerator 
usually for at least six hours and sometimes for as long as two days. 
3.4 Starch gel electrophoresis 
Horizontal starch gel electrophoresis was applied. The procedures were 
similar to those of Redfield and Salini (1980). The gel taken out from the 
refrigerator was cut at the edge so as to free it from the mould and removed excess 
gel at the edge. Twelve slots could be made on each gel by using a blade which 
was about 0.9 cm wide and more than 1 cm long. At the time of electrophoresis, 
homogenates from deep freezer were thawed and soaked onto paper wicks (Sigma 
blotting paper, Lot no. 48F-0829) with a dimension of 1.5 cm x 0.7 cm for the 
large gel block and 0.9 cm x 0.7 cm for the small gel block. The paper wick was 
then inserted into the well on the horizontal starch gel. The homogenates might 
be refrozen and used for a second time. The anodal and cathodal buffer tanks were 
filled with appropriate electrode buffer. Before loading the gel, a plastic straw was 
inserted between the mould and the gel in one edge and the other perpendicular to 
it. This could ensure the slots were firmly closed and reduced the effect of 
contraction of the gel which might occur during electrophoresis. A sponge was 
« 
used to serve as a bridge between electrode buffer and gel. A glass plate was put 
on the gel surface to ensure the contact between the sponge and the gel. 
\ 
Electrophoresis could then be started and the whole process was kept at about 2 ®C 
by using a recirculatory system. The running conditions were listed in Table 3.2. 
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3.5 Gel slicing 
After electrophoresis, the gel block was sliced into thin slices for multiple 
staining. The gel block was put on a plexiglass sheet which had three 1 cm tall 
arms oriented in perpendicular to the one next to it. The gel was then covered 
with a glass plate. The gel portion which was slightly higher than the arms was 
sliced off by drawing a tight ‘E’ violin string through the gel along the arms. This 
thin slice was removed. A thin glass plate (0.2 mm thick) was then put at the 
bottom of the gel so that the gel portion raised above the arms was 0.2 mm thick. 
The raised portion was cut off and removed as before. The procedure was 
repeated until the gel block was divided into several thin slices. Usually, the large 
gel block could be sliced into six thin slices while the thin one gave four. Each 
slice was put into a staining tray for assaying one specific enzyme. 
3.6 Enzyme staining 
The staining recipes for the enzymes assayed were mainly derived and 
modified from Redfield and Salini (1980), with reference to Shaw and Prasad 
(1970), Barker and Mulley (1976), Pasteur et al (1988), and Murphy et al 
« 
(1990). Modifications were mainly on standardizing quantities of coenzymes, 
methyl thiazolyl tetrazolium (MTT) and phenazine methosulfate (PMS) used in all 
recipes involving tetrazolium salts. The amount of substrates used might be 
reduced such that the zymogram was still clear enough for scoring. The pH of the 
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staining solutions might also be adjusted. The composition of each staining recipe 
was shown in Table 3.3 which also included the chemical composition of stock 
staining buffer and solutions used in the study. All the gels were incubated at 
room temperature (about 24 ®C). An enzyme, identified as "Tetrazolium 
reductase" (Tracey et al, 1975), was always stained by recipes involving 
tetrazolium salts. Thus, there was no specific staining recipe for this enzyme and 
its scoring was conducted on the zymogram of dehydrogenase such as lactic 
dehydrogenase. There were two methods of staining : staining bath and agar 
overlay. In the case of staining bath, the gel slice was soaked in the staining 
solution until zymogram established. In the case of agar overlay, an equal volume 
of 2% agar and stain solution was mixed and poured onto the gel surface. The 
agar would solidify very quickly and the zymogram built up both on the agar and 
the gel. 
3.7 Data collection 
After a gel was stained and the zymogram established, the banding pattern 
was recorded in a data sheet as shown in p.62. First, the number of loci present 
was noted. The designation was according to the increasing mobility of the 
« 
isozymes, i.e. the most cathodal isozyme was designated as 1. The commonest 
« 
allele at each locus was termed 100, and the other alleles were designated by their 
\ 
percentage mobility relative to the 100 allele. The distance of the bands was 
measured from the origin which had a value of 0. The bands on different lanes of 
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a zymogram were interpreted as the products of the same allele if the separation 
of these bands was less than or equal to 2 mm. 
3.8 Data analysis 
All loci showing variation in a species were tested for conformity to the 
Hardy-Weinberg equilibrium with the Chi-square test for goodness of fit (Zar, 
1984). The proportion of polymorphic loci (P) and average heterozygosity per 
locus (H) were calculated. Loci were considered to be polymorphic if the 
frequency of the commonest allele was equal to or less than 0.99. The P value at 
0.95 level was also calculated. Average observed heterozygosity, H。，were taken 
as the mean proportion of heterozygotes per. locus seen in the zymograms. 
Average expected heterozygosity, H。, were calculated using Nei’s (1978) correction 
for small sample size. 
Genetic differentiation among various species was measured in terms of 
genetic distance (D) or genetic identity (I). These values were determined by Nei,s 
(1978) correction for small sample size. Based on the distance values, a 
dendrogram was constructed to show the relationships among various species in 
this study. The construction utilized the unweighted pair-group method with 
« 
arithmetic means (UPGMA; Sokal and Sneath, 1963). 





N = total no. of individuals 
Nj = no. of individuals studied for the locus j 
n = total no. of loci scored 
Xji = the frequency of the ith allele of locus j in species X 
Yji = the frequency of the ith allele of locus j in species Y 
» ‘ 
I. Proportion of polymorphic loci (P) 




II. Average heterozygosity per locus (H) 
i. Observed : total no. of heterozygous loci 
Hobierved = 
n X N 
$ 
ii. Existed: n 2N (1 - EX/) 
Hexpecled = ^ — 
j « l 2N- 1 
n 
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III. Genetic distance (D) 
Gxy 
D = - In 
(Gx X Gy y/i 
where . 
n (2NjEX/ - 1) 
D 
j=l 2Nj - 1 
Gx 
n 
n (2NjEYji2 - 1) 
E 







IV. Genetic identity (I) 
1 
‘ I = 
51 
V. Test of significance : chi-square test was used, with Yate's correction for 
small sample size. 
k ( |Oi-Ei| -0.5)2 
E — 
i = i Ei 
where O and E are the observed and expected no. of the i th phenotypic class, and 
k is the number of phenotypic classes. 
The degree of freedom is equal to 



































































































































































































































































































































































































































































































































































































































Table 3.2 Electrophoretic buffer systems used in the study. 
A. Continuous Tris-citric-EDTA, TCE (Redfield and Salini, 1980) 
Gel buffer, pH 7.0 Electrode buffer, pH 7.0 
1.09 g/1 Tris 16.35 g/1 Tris 
0.63 g/1 Citric acid 9.45 g/1 Citric acid -
0.47 g/1 EDTA(Na2) 0.47 g/1 EDTAQSTaj) 
Running conditions : 8.6 V cm'\ 5 hours. 
B. Continuous Tris-boric-EDTA, EBT (Redfield and Salini, 1980) 
Gel and Electrode buffer, pH 9.0 
10.53 g/1 Tris 
0.54 g/1 Boric acid 
0.39 g/1 EDTA(Na2) 
# 
Running conditions : 17 V cm"^ 10-12 hours. 
C. Discontinuous Lithium hydroxide-borate, LiOH (Shaklee and Keenan, 1986) 
Stock A, pH 8.1 Stock B, pH 8.2 
I.26 g/1 LiOH.CHjO) 6.2 g/1 Tris 
I I .9 g/1 Boric acid 1.6 g/1 Citric acid monohydrate 
Gel buffer, 1 part stock A : 9 parts stock B 
Electrode buffer, undiluted stock A 




Table 3.3 Chemical composition of stock solutions and the enzyme recipes used. 
I. Stock solutions 
Chemicals Concentrations 
MgCl2 6 H 2 0 ~ “ OTM 
NAD 10 mg/ml 
NADP 10 mg/ml 
MTT 10 mg/ml 
PMS 10 mg/ml 
Fructose-1,6-diphosphate 55 mg/ml 
Fructose-6-phosphate 20 mg/ml 
Glucose-1 -phosphate 20 mg/ml 
Sodium arsenate (NajAsO*) 15 mg/ml 
Sodium glutamate 0.5 g/ml 
Hypoxanthine 1 M * 
Lithium lactate 1 M 
Sodium malate 1 M ** 
6-phosphogluconic acid 0.05»M 
* Hypoxanthine, IM : 13.6 g hypoxanthine 
20 ml 1 M KOH 
80 ml dHjO 
** 1 M Sodium malate : add 6.1 g NajCCVHzO to 25 ml distilled water, 
put it in an ice bath, 
add 6.7 g L-malic acid gradually with stirring, 
adjust pH to 7.0 while adding distilled water to 50 ml 




Table 3.3 (continued) 
II. Stock staining buffers : 




Borate buffer, 60 mM : 0.742 g H3BO3 
0.895 g KCl 
top to 200 ml with distilled water 
Acetate buffer, 0.2 M, pH5.0 : 19.2 g sodium acetate 
add glacial acetic acid drop by drop until pH 
reached 5.0. 
top to 1000 ml with distilled water 
Tris-maleate, 0.2 M, pH 5.2 : 24.2 g Tris 
20 g maleic acid 
top to 1000 ml with distilled water 





Table 3.3 (continued) 
III. Enzyme staining recipes 
i. Stains using solution 
Ao * Aldehyde oxidase (1.2.3.1) 
Tris-HCl a 5 ml, pH 8.5 
distilled water (dH^O) 23 ml 
NAD e 1 ml 
MTT e 1 ml 
PMS ^^  0.2 ml 
Benzaldehyde 0.3 ml 
Alk ** Alkaline phosphatase (3.1.3.1) 
60 mM Borate buffer a • 3 ml, pH 9.7 
dHjO 24 ml 
MgClj o 3 ml 
Fast blue RR salt 30 mg 
Na-B-naphthyl acid phosphate 30 mg 
Gapdh * Glyceraldehyde-3-phosphote dehydrogenase (1.2.1 • 12) 
Tris-HCl a 2 ml, pH 7.0 
dHjO 22 ml 
NAD 1 ml 
MTT ° 1 ml 
PMS ° 0.2 ml 
Fructose-l ,6-diphosphate。 3 ml 
. Sodium arsenate ® 1 ml 
Aldolase 1 unit 
(continue to next page) 
1 
L 4 57 
Table 3.3 (continued) 
Gdh * Glutamate dehydrogenase (1.4.1.2) 
Tris-HCl » 10 ml, pH 7.0 
眠 0 16 ml 
NAD o 1 ml 
MTTo 1 ml • 
PMS ° 0.2 ml 
Sodium glutamate ® 2 ml 
Lap * Leucine amino peptidase (3.4.1.1) 
pre-soak gel in 0.5 M Boric acid, 1 hour 
Tris-maleate ^ 50 ml, pH 5.0 
MgClj ° 1 ml 
L-leucyl-B-naphthylamide HCl 25 mg 
Fast black K salt 12.5 mg 
等 
Mdh * Malate dehydrogenase (1.1.1.37) 
Tris-HC” 5 ml, pH 8.5 
dHzO 19 ml 
NAD ® 1 ml 
MTT ° 1 ml 
PMS ° 0.2 ml 
Sodium malate ° 3 ml 
Me * Malic enzyme (1.1.1.40) 
Tris-HCl a 5 ml, pH 7.0 
dHjO 19 ml 
, MgClj ° 1 ml 
NADP o 1 ml 
• MTT ° 1 ml 
PMS ° 0.2 ml 
Sodium malate ® 3 ml 
(continue to next page) 
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Table 3.3 (continued) 
Odh * Octanol dehydrogenase (1.1.1.1) 
Tris-HCl » 5 ml, pH 8.5 
dHzO 21 ml 
NADo 1 ml • 
MTTo 1 ml 
PMS ® 0.2 ml 
1-octanol 2 ml 
6-Pgdh * 6-Phosphogluconate dehydrogenase (1.1.1.44) 
Tris-HCl a 20 ml, pH 8.0 
dHjO 20 ml 
MgCl2» 5 ml 
NADP ° 1 ml 
MTT ° 1 ml 
PMS ° , 0.2 ml 
6-phosphogluconate ® 3 ml 
ii. Stains using agar overlay 
Ada *** Adenosine deaminase (3.5.4.4) 
Tris-HCl a 5 ml, pH 8.0 
dHjO 9 ml 
MTT ° 1. ml 
PMS 0 0.2 ml 
‘ Adenosine 20 mg 
.Sod ium arsenate ° 3 ml 
Xanthine oxidase 0.25 unit 
Nucleoside phosphorylase 1 unit 
Agar, 2% 15 ml 
(continue to next page) 
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Table 3.3 (continued) 
AW* Aldolase (4.1.2.13) 
J^-HCl a 5 ml, pH 7.0 
卿 2 ml 
NAD o 2 ml 
MTTo 1 m l 、 
PMS ° 0.2 ml 
Fnictose-l ,6-diphosphate。 3 ml 
G-3-pdh 10 units 
Agar, 2% 15 ml 
Gpi * Glucose-6-phosphate isomerase (5.3.1.9) 
Tris-HCl a 5 ml, pH 8.0 
禪 6 ml 
MgCl2。 2 ml 
NADP O 1 ml 
MTT o 1 ml 
PMS « ， 0.2 ml 
Fructose-6-phosphate ® 1 ml 
G-6-pdh 10 units 
Agar, 2% 15 ml 
Ldh * Lactate dehydrogenase (1.1.1.27) 
Tris-HCl a 5 ml, pH 7.0 
眠0 5 ml 
NAD o 1 ml 
MTTo 1 ml 
PMS ° 0.2 ml 
Lithium lactate ® 3 ml 
Agar, 2% 15 ml 
1 
, (continue to next page) 
60 
Table 3.3 (continued) 
Pgm * Phosphoglucomutase (2.7.5.1) 
Tris-HCl a 5 ml, pH 8.5 
卿 2 ml 
MgCl2 e 4 ml 
NADpo 1 ml I 
MTT ° 1 ml 
PMS ° 0.2 ml 
Glucose-l-phosphate ® 2 ml 
G-6-pdh 10 units 
Agar, 2% 15 ml 
Tr (Tetrazolium reductase / nothing dehydrogenase) **** 
a Composition of stock solution used in listed in I. 
« 
o Composition of stock buffer solution used is listed in II. 
* Recipes derived from Redfield and Salini, 1980. 
** Recipe derived from Shaw and Prasad, 1970. 
*** Recipe derived from Murphy et al” 1990. 
**** Tr was usually stained by the recipes involving tetrazolium salt. It was 
scored on the zymogram ofLdh, where extra and identical zone of enzyme 
activity corresponding to Tr was always observed. 
f 
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A record sheet: 
Gel cod. ！ ( S / M / B ) D«t« : 
Enzyme ： 
Buffer system : Tlasutt i 
Conditions : V/cro mA hrs. 
Lane # Dlstanc* from origin ( om ) 1  


















1 2 3 4 5 6 7 8 9 10 11 12 
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m 
Plate 3.1 Penaeus (Fenneropenaeus) merguiensis 
Plate 3.2 (a) Penaeus (Melicertus) latisulcatus 
…)Penaeus (Marsupenaeus) japonicus 
63 
港 t ffi ^ t 
Plate 3.3 (a) Penaeus (Penaeus) semisulcatus 
(b) Penaeus {Penaeus) monodon 
Plate 3.4 (a) Metapenaeus ensis 
(b) Metapenaeus affinis 
(c) Metapenaeus joyneri 
64 
Chapter 4 Results 
4.1 Genetic interpretation of zymograms 
Fifteen enzymes as shown in Table 4.1 could be assayed in all species 
studied, representing a total of seventeen loci. Most of the gel patterns were clear 
enough to score. The gel patterns of Aid, Ao, Gapdh, and Lap were comparatively 
more diffuse than those of other proteins. All staining activities were observed in 
the anodal area. Simple single-banded pattern was interpreted as homozygous gene 
product. Nine loci (Ada, Alk, Ao, Gapdh, Gdh, Ldh-1’ Ldh-2, Mdh-2, Me) showed 
only single-banded pattern in all Penaeus and Metapenaeus species studied. 
Depending on the species, single- and double-b'anded patterns were observed in 
Lap and Pgm-1. These were interpreted as reflecting a single variable locus 
encoding a monomelic enzyme. Individuals yielding two bands represented 
heterozygotes (Plate 4.1). Gpi, Mdh-l, 6-Pgdh’ Odh, and Tr gave single- and 
triple-banded patterns. These were considered as dimeric enzymes encoded by a 
single variable gene. Triple-banded individuals represented heterozygotes (Plate 
4.2). Aid was the only locus which showed single- and five-banded patterns. The 
latter pattern represented heterozygotes of a single variable locus encoding a 
I 
tetrameric product. Gel banding pattens and subunit structure of the assayed 
enzymes are summarized in Table 4.2. 
Tr was a protein having such low substrate specificity that zone of similar 
mobility and appearance was shared by zymograms produced by most of the 
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enzymes assayed at pH 7.0 using tetrazolium dye. Secondary bands always 
occurred in the staining of Ao, Gpi, Pgm-l, and sometimes in the staining of Me. 
These secondary bands usually were light-coloured bands located just beneath the 
assayed enzymes in the zymograms of Ao and Me, but found evenly spaced above 
and below the enzyme, Gpi. Aid was difficult to score as it sometimes appeared 
as a smear on the zymogram. This smear pattern was taken as representing a 
heterozygote when clear single bands were observed in other samples running in 
the same gel. One difficult phenotype to interpret was that of Pgm. The 
commonest phenotype was a triple-banded pattern. The upper or lower band was 
sometimes lighter in colour. As Pgm has been reported as a monomelic enzyme 
in shrimps (Mulley and Latter, 1980) and other animals (Hams and Hopkinson, 
1976), the triple-banded pattern was interpreted, as representing products of two 
loci. Similar interpretation was done in Redfield et al (1980). The light-colour 
bands were intrepreted as secondary bands. Since uncertainty was still present in 
scoring Pgm-2’ this locus was not used in this study. Both Ldh-l and Ldh-2 genes 
gave strong coloured bands in all Penaeus species, but very faint bands which 
sometimes could not be stained in Metapenaeus species. Since in most cases the 
location of the bands in Metapemeus could not be ascertained, the individuals 
without certainty were not scored. Thus, the number of individuals being scored 
% 
for these loci were very small in some Metapenaeus species (Table 4.3). As Ldh 
had been reported in Mulley and Latter (1980) as monomoiphic in Metapenaeus 
and similar finding was obtained in this study, the enzyme was retained for 
analysis. 
66 
4.2 Conformity to Hardy-Weinberg equilibrium distribution 
Results from zymograms were recorded as gene frequencies in Table 4.3, 
which also included the number of individuals scored, and the observed 
heterozygosity of each polymorphic locus. The genotypic frequencies at most of 
the polymorphic loci agreed closely with Hardy-Weinberg equilibrium distribution, 
except 6'Pgdh in Penaeus merguiensis which had insufficient heterozygotes and 
excess homozygotes to fit the equilibrium distribution. Since only one locus in one 
species violated the equilibrium distribution, this event was regarded as occurred 
by chance due to sampling. In addition, no segregation patterns indicated that any 
of the locus studied showed sex-linkage. 
華 
4.3 Levels of genetic variability 
Among the 17 loci scored, three were monomoiphic (Alk, Ao, Me) in all 
species, i.e. they showed no interspecific or intergeneric differentiation. Six other 
loci (Ada, Gapdh, Gdh, Ldh-1, Ldh-2, Mdh-2) were monomoiphic within each 
Penaeus and Metapenaeus species, but showed interspecific differentiation. The 
remaining eight loci were polymorphic at the 0.99 level in at least one of the 
I 
species studied. However, Tr would be excluded and only seven loci were 
polymorphic within species when the criteria was set at 0.95 level. Nine loci (Aid, 
Gapdh, Gpi, Lap, Mdh-1, Mdh-2, Odh, 6-Pgdh, and Pgm-l) had four or more 
alleles among all species studied. 
67 
Table 4.4 summarized the average number of individuals scored per locus, 
the average number of alleles per locus, proportion of polymorphic loci (P。.购 and 
Po 95) and average heterozygosity per locus (H, both observed and expected). There 
was no significant difference between the observed and expected values of 
heterozygosity as confirmed by Chi-square test. On the average, at least 21 
individuals had been scored per locus. The average number of alleles per locus 
was small, ranged from 1.06 in Metapenaeus ensis and to 1.35 in Penaeus 
Most of the loci within a species were fixed in a single allele. Mean 
proportion of polymorphic loci (P0.99) ranged from 0.059 in M. ensis to 0.294 in 
,semiculcatm. Mean heterozygosities ranged from 0.017 in M. ensis to 0.049 
in P. latisulcatus. The outgroup, Metapenaeopsis barbata，had proportion of 
polymorphic loci and heterozygosity equal to 0.294 and 0.091 respectively. 
4.4 Interspecific and intergeneric genetic differentiation 
Table 4.5 summarized the mean proportion of polymorphic loci and mean 
heterozygosities over the two genera. Mean proportion of polymorphic loci (P0.99) 
in Penaeus and Metapenaeus was 0.216 and 0.118 respectively. The average value 
for the two genera was 0.183. Mean heterozygosity in Penaeus and Metapenaeus 
% 
was 0.045 and 0.025 respectively. The average value for the two genera was 
0.038. No locus in this study showed consistently high degree of variation in all 
of the species, but degree of variation in Gpi，Lap，Odh, and Pgm-1 was 
comparatively higher than the other loci in most of the species studied. 
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The genetic distances and identities among the species were given in Table 
4.6 and the mean values in each geneus were summarized in Table 4.7. The 
distance value ranged from 0.281 to 0.790 in Penaeus, with mean value of 0.548. 
For Metapenaeus, the distance value ranged from 0.243 to 0.611, with mean value 
of 0.476. The mean genetic identity within Penaeus and within Metapenaeus was 
0.585 and 0.630 respectively. The genetic difference and identity between the two 
genera were 0.783 and 0.461 respectively. The genetic distance between 
Metapemeopsis barbata and Penaeus species was in average 1.330, while the 
average distance value between M. barbata and Metapenaeus species was 0.763, 
suggesting that it was closer in phylogenetic relationship to Metapenaeus than 
Penaeus, 
A phenetic dendrogram resulting from UPGMA (unweighted pair group 
method using arithmetic averages) cluster analysis of the genetic distance data was 
shown in Figure 4.1. The topology of the tree separated the species into two 
clusters, one containing all Penaeus while the other containing all Metapenaeus and 
Metapemeopsis barbata. Within Penaeus, the genetic distance between P. 
monodon and P. semisulcatus was the smallest (0.281). A similar distance value 
of 0.243 was found between Metapenaeus ensis and M, affinis. These values 
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Plate 4.1 Zymogram of Lap, a monomeric enzyme. 
Double-banded pattern represents heterozygote. 
• 
Plate 4.2 Zymogram of Mdh, a dimeric enzyme. 
Triple-banded pattern represent heterozygote. 
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Chapter 5 Discussion 
5.1 Enzyme polymorphism in Penaeus and Metapenaeus 
Mulley and Latter (1980) studied enzyme polymorphism over 37 loci in 
seven species of Penaeus and six species of Metapenaeus in Australian waters. 
Their results showed that most of the enzymes studied are each coded by a single 
locus but alkaline phosphatase (Alk), pyranosidase (Pyr), and malate dehydrogenase 
(Mdh) are each coded by two loci while esterase (Est) is coded by four. Among 
the enzymes which are scored in both the present study and Mulley and Latter、， 
Ao, Aid, Gapdh, Gdh, Gpi, Lap, Me, Odh, and 6-Pgdh are found to be each coded 
by a single locus. In contrast to Mulley and Latter's study, the present study found 
two loci each coding for Ldh and Pgm. Redfield et al (1980) studied 25 loci in 
Penaeus merguiensis and found that Alk is coded by a single locus while Pgm is 
coded by two loci. Both observations are consistant with results of the present 
study. Sbordoni et al. (1986) studied genetic variability of Penaeus japonicus over 
20 loci and found comparatively higher average number of loci per enzyme. They 
reported two loci each coding for Aid, Ao, Ldh，6-Pgdh, Pgm, three loci coding 
for Ada, Ca (carbonic anhydrase), Mdh, and four for Est. It seems that the » 
number of loci coding for each protein on the zymogram may depend on the tissue 
used, the electrophoretic conditions, such as buffer system applied，and the staining 
conditions, such as pH used. The study by Mulley and Latter showed that Alk, 
Ldh, Lap and Pgm are monomelic enzymes while Gpi, Mdh, Odh, and 6-Pgdh are 
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dimeric. Similar subunit structures of enzymes were noted from the zymograms 
obtained in the present study. Subunit structures of the enzymes which are 
monomorphic in all species studied cannot be deduced. In addition, the present 
study showed that Aid is a tetrameric enzyme. No heterozygous individual was 
found for this enzyme by Mulley and Latter. In addition, the degree of variability 
in each locus is different. Mulley and Latter reported three loci, Mpi’ Odh and 
Pgm are exceptionally high in variability. The present study showed that in 
addition to Odh and Pgm’ Gpi and Lap are also comparatively more variable than 
other loci studied. 
5.2 Level of genetic variability 
The average number of alleles per locus was generally small for the species 
studied (Table 4.4). The values for each species were only slightly greater than 
one. Thus, most of the loci studied are fixed for a single allele within a species. 
For the polymorphic loci, there were usually only two alleles within a species. 
Thus, the differentiation of loci is little within a species. On the other hand, 
different species might fix for different alleles in the same locus. Thus, substantial 
differentiation of loci exists among species. In this study, the mean proportion of 
書 
polymorphic loci ( P 0 . 9 9 ) in Penaeus was 0 . 2 1 6 and was higher than the value of 
0.118 in Metapenaeus. The mean value of these two genera was 0.183 (Table 
4.5). These values fall within the range of P0.99 of less than or equal to 0.27 
reported for decapod crustaceans (Hedgecock et aL, 1982) and are much smaller 
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than the mean proportion of polymorphic loci of 0.40 reported for other 
invertebrates in general (Nevo, 1978). Mulley and Latter (1980) reported a mean 
P o 99 of 0.14 over 37 loci studied in Penaeus and Metapenaeus and this value is 
similar to the value of 0.18 found in the present study. A relatively high 
proportion of polymorphic loci was reported by Lester (1979) in three American 
P 麵 似 species; the mean proportion of polymorphic loci over 24 loci was 0.32. 
The present study showed that the mean heterozygosity of Penaeus was 
0.045 and that of Metapenaeus was 0.025. Thus, Penaeus seems to exhibit greater 
genetic variability than Metapenaeus, These values are low when compared with 
the average value of heterozygosity of 0.11 obtained in other invertebrates (Nevo, 
1978) but well within the range of those reported for decapod crustaceans, where 
heterozygosity equals to or less than 0.07, with a mean of 0.048 (Hedgecock et al, 
1982). Mulley and Latter (1980) reported that the mean heterozygosity for 
Penaeus was 0.018 and that for Metapenaeus was 0.020. Comparing to their 
results, the heterozygosity value of 0.045 reported for Penaeus in the present study 
is comparatively higher while the value of 0.025 reported for Metapenaeus is 
comparable. A higher mean value of 0.081 was reported by Lester (1979) in 
Penaeus species. 
Comparing to Penaeus and Metapenaeus, Metapenaeopsis barbata exhibits 
I 
higher degree of genetic variability. It has the largest average number of alleles 
per locus (1.29), the greatest proportion of polymorphic loci (0.294) and the largest 
value of heterozygosity (0.091) among all species in the present study. Both 
proportion of polymorphic loci and heterozygosity value in Metapenaeopsis barbata 
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are slightly beyond the upper values reported for decapod crustaceans in general 
(Hedgecock et al, 1982). Since only one species of the genus Metapenaeopsis was 
investigated in this study, whether high genetic variability is a common feature in 
this genus remains to be ascertained. 
Summarizing the results on the genetic variation of Penaeus and 
Metapenaeus，the values obtained in the present study are comparable to the 
published data for penaeid shrimps and are well within the range reported for 
decapod crustaceans. The results of the present study also support the findings in 
other studies that decapod crustaceans usually have extremely low level of 
heterozygosity. Some authors have proposed hypotheses or suggested possible 
explanations for this phenomenon. 
Selander and Kaufman (1973) argued that vertebrates have lower 
heterozygosity than invertebrates (0.06 vs. 0.15) because vertebrates tend to be 
larger, more mobile organisms that experience environmental heterogeneity both 
in space and time. These large animals have greater physiological and behavioural 
homeostatic control. They tend to perceive their environments as fine-grained and 
thus the optimum strategy is to develop a single phenotype specialized to the most 
frequently encountered set of conditions. The genetic variability of these animals 
is thus low. On the other hand, small, less mobile organisms with relatively poor 
I 
homeostatic control experience the environment as coarse-grained. The optimal 
strategy for these animals is to develop specialized phenotypes in proportions to the 
frequencies of different patches of environment. Thus, their genetic variability is 
high. Tracey et al. (1975) applied this concept to account for the low 
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heterozygosity found in the lobster, Homarus americanus. As lobsters are large, 
mobile, and generalized predators, lobsters may adapt to temporally and spatially 
varying environments through phenotypic plasticity rather than genetic variability. 
Such concept is also applicable to other decapods such as penaeids as they are 
mobile and widely distributed. According to this hypothesis, penaeid shrimp may 
perceive their environment as fine-grained and thus have low genetic variability. 
Ayala and Valentine (1974; cited in Valentine, 1976) proposed another 
hypothesis to account for the genetic variation in natural populations by relating 
heterozygosity with trophic resource stability. In an environment where food 
resources are stable over time, species may pursue coarse-grained spatial strategies 
and tend to be food or habitat specialists. Competition for limited food resources 
would lead to diversification. Alternative alleles which are slightly more 
advantageous in specific habitats or confer an advantage to heterozygotes are 
permitted to accumulate in the gene pool. Thus, the heterozygosity of animals in 
this environment would be high. In an environment where there is a temporal 
variation of food resources, species generalize their food needs in order to pursue 
fine-grained spatial strategies. These species must be flexibly adapted to a wide 
.range of habitat conditions and a variety of food items. Thus, alleles which give 
advantages in various environmental conditions are favoured by selection. Only 
I 
a small number of highly flexible alleles is fixed and low heterozygosity resulted. 
Redfield et al, (1980) criticized this hypothesis in not considering the changes in 
trophic demands between larval and juvenile life-history stages in most marine 
species, e.g. penaeids. They stated that trophic-stability may be important as a 
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determinant of genetic variation, but it is difficult to define trophic stability for an 
individual throughout its life. Therefore, this hypothesis cannot be applied without 
comprehensive ecological data of the species studied. 
Dall et al (1990) stated that genetic diversity in Penaeidae may be amongst 
the lowest recorded for any animals. To account for the low genetic variation in 
Penaeus and Metapenaeus in Australian waters, Mulley and Latter (1980) discussed 
the "bottleneck effect" as a possible cause. Bottleneck effect results from a severe 
reduction of breeding population size (Nei et al” 1975). The limited gene pool 
then leads to low level of heterozygosity. Mulley and Latter discussed several 
processes which could lead to a reduction of breeding population size. Most 
penaeid shrimps, including Penaeus and Metapenaeus, have complex life history 
(Wickins, 1976). The juveniles and adults usually live in brackish water habitats 
such as estuaries, but migrate to more saline, offshore waters to spawn. When the 
ocean receded from the river estuaries during glacial periods, the life history of 
most penaeid shrimps may be interrupted. Thus, periodic reductions of population 
size may occur, giving rise to bottleneck effect. However, Mulley and Latter 
believed that this cause of bottleneck effect is unlikely for some penaeids which can 
complete their life cycle at sea, such as Penaeus latisulcatus. Therefore, periodic 
bottleneck is not a good explanation for the low heterozygosity found in penaeid 
% 
shrimps in general. 
Bottleneck effect may also result from a drastic reduction in breeding 
population size during the process of speciation, such as migration of breeders to 
an area which were then isolated. The level of heterozygosity would remain low 
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if the event of speciation occurred recent enough. Mulley and Latter (1980) 
suggested that closely related species with small genetic distance can be explained 
by this model, such as those endemic to Australian waters. Among the Penaeus 
and Metapenaeus studied in the present research, the small genetic distance value 
between P. monodon and P. semisulcatus, and that between Af. ensis and M. 
affinis，together with their small values of heterozygosity fit the hypothesis. 
However, other species with larger distance values than these pairs also exhibit 
similar level of heterozygosity. In addition, penaeids existed in the Indo-West 
Pacific region since ancient time. Therefore, speciation due to migration of a small 
number of individuals into a new habitat is not likely to occur recently in Indo-
West Pacific region. Thus, this speciation-bottleneck hypothesis can hardly account 
for the low heterozygosity value found in the penaeid shrimps of southern China. 
Mulley and Latter (1980) favoured "selective elimination of mutational 
variation" as an explanation for the low level of heterozygosity of penaeid shrimps 
in Australian waters. They estimated that in order to account for the low level of 
heterozygosity observed in their study, the selection coefficients against mutational 
variants are roughly a hundred times the mutation rates concerned. They stated 
that such intensity of natural selection in shrimp populations would be difficult to 
detect experimentally but is sufficient to eliminate most enzyme and protein 
I 
polymorphisms. Such explanation may also be applicable to account for the low 
heterozygosity observed in the shrimps of southern China. 
Although several hypotheses have been proposed to explain the low 
heterozygosity level in penaeid shrimps, their low level of heterozygosity reported 
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in the present study may also relate to the high fishing pressure in Indo-West 
Pacific region. The Indo-West Pacific region, particularly the coastal area has 
been heavily exploited by commercial fishery. Overfishing would reduce the 
reproductive population size and lead to bottleneck effect (Tracey et al” 1975). 
The effect of overfishing on genetic variability is similar to that due to 
domestication. Sbordoni et aL (1986) studied the bottleneck effects and depression 
of genetic variability in hatchery stocks of Penaeus japonicm. They found that 
five subsequent hatchery generations suffer a constant reduction in the level of 
allozyme polymorphism. The magnitude of reduction in heterozygosity is much 
higher than expected. Thus, it would not be surprised that the shrimps in Indo-
West Pacific region under high fishing pressure exhibit low genetic variation. 
華 
5.3 Phylogenetic relationships 
Genetic identity (I) and genetic distance (D) provide a quantitative basis for 
studying the relatedness of organisms, and the result can be compared with the 
qualitative groupings based on morphological criteria. In the present study, the 
average genetic identity among species within Penaeus was 0.585 while within 
Metapenaeus was 0.630. Thus, congeneric spccics of the two genera, differ in 
I 
about two-fifths of their genes. These identity values are slightly smaller than the 
values of 0.65 for Penaeus and 0.69 for Metapenaeus reported by Mulley and 
Latter (1980) (Table 4.7). This implies that species of both genera in Australian 
waters are more similar in their genetic contents with members of the same genus 
91 
than species in southern China, or the Indo-West Pacific region. Data in both 
studies fall within the range of 0.3 to 0.8 reported for congeneric decapod 
crustaceans by Hedgecock et al (1982). The average genetic identity between the 
two genera in the present research was 0.461 and was slightly greater than the 
value of 0.39 reported by Mulley and Latter. Thus, in contrast to congeneric 
species, intergeneric species differ in more than half of their genes. The 
intergeneric identity value obtained in the present study is slightly greater than the 
reported range of 0 to 0.3 for decapod crustaceans (Hedgecock et al., 1982). The 
present study also shows that morphologically similar species such as P. monodon 
and P. semisulcatm exhibit a comparatively high identity value of 0.755. A high 
value of 0.784 was also found between M. ensis and M. affinis. Similar values 
between closely related species were also recorded by Mulley and Latter (1980). 
Thus, closely related species differ in only a quarter of their genes. 
In a glance, the dendrogram based on distance values (Figure 4.1) is 
composed of two clusters, one consisting of all Penaeus species studied and the 
other consisting of all Metapenaeus species studied, and Metapenaeopsis barbata. 
The present study suggests that Metapenaeopsis barbata is closer in phylogenetic 
relationship to Metapenaeus. Among the three genera studied, Metapenaeopsis is 
similar to Metapenaeus in lacking tooth on the ventral side of the rostrum, while 
t 
all Penaeus possess teeth on both sides. In addition, there is an epipodite on the 
third maxilliped and a pleurobranch on the last thoracic somite in Penaeus, but 
both structures are absent in Metapenaeus and Metapenaeopsis, Thus, 
Metapenaeus and Metapenaeopsis are morphologically more similar to each other 
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than either genus to Penaeus, 
According to Dall et al (1990), Penaeus and Metapenaeopsis are older 
genera than Metapenaeus. Both Penaeus and Metapenaeopsis appeared before the 
tropical Atlantic region was isolated from Indo-West Pacific region. In contrast, 
Metapenaeus is suggested to be diverged more recently than other endemic Indo-
West Pacific genera, although there are no electrophoretic data to support this 
hypothesis. Table 4.7 shows that the identity values between Penaeus species and 
Metapenaeopsis barbata are in the average 0.265 while the identity values between 
Metapenaeus species and Metapenaeopsis barbata are in the average 0.471 • Thus, 
Metapenaeopsis barbata shares far more genetic content with Metapenaeus species 
than with Penaeus species. On the other hand, the identity values between 
Metapenaeus species and Penaeus species are. in the average 0.461, which is 
comparable to the value of 0.471 between Metapenaeus species and 
Metapenaeopsis barbata. As the genetic divergence between Penaeus and 
Metapenaeopsis is greater than those of either genus from Metapenaeus, it is 
therefore possible that both Penaeus and Metapenaeopsis diverged earlier than 
Metapenaeus did. The proper arrangement of the relationships among the three 
•genera in the present study illustrates the power and sensitivity of electrophoretic 
data in systematic studies, and the reliability of the data in the present study as 
I 
well. Since only one species of Metapenaeopsis is studied, the conclusion on its 
degree of relatedness with the other two genera awaits further studies to confirm. 
Among the Metapenaeus cluster, M. ensis and M、affinis is closer in 
relatedness than M. joyneri. This is to be expected as M. ensis and Af. affinis are 
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very similar in external morphology and can only be distinguished by the shape of 
their external genitalia. In contrast, besides the shape of the external genitalia, 
there are other features like the shape of the rostrum and the body colour which 
can distinguish M. joyneri from the other two species. 
As reviewed in Section 2.5, the genus Penaeus can be divided into either 
four or six subgenera based upon morphological features. Species in three of the 
four subgenera are included in the present study. Shrimps of the subgenus 
Litopenaeus with open thelycum were not studied. Penaeus Japonicus and P. 
latisulcatus are grouped into the same subgenus Melicertus as they both have 
gastrofrontal carina, hepatic carina and long gastro-orbital carina. Both Penaeus 
monodon and P. semisulcatus have hepatic carina, short gastro-orbital carina, but 
no gastrofrontal carina, and they are grouped into the subgenus Penaeus, Penaeus 
merguiensis and P. chinensis are grouped into another subgenus Fenneropenaeus; 
they have short gastro-orbital carina, but no gastrofrontal carina nor hepatic carina. 
The dendrogram established in this study shows that P. latisulcatus and P. 
japonicus form a cluster separated from the other four Penaeus species. Thus, 
members of the subgenus Melicertus form a cluster while members of two other 
subgenera, Penaeus and Fenneropenaeus, form another cluster. Similar clustering 
of Penaeus subgenera was also found in the dendrogram obtained by Muller and 
» 
Latter (1980). This is consistent with the belief that members of the subgenus 
Melicertus are more advanced than species of other subgenera (Farfante, 1969), so 
that Melicertus species may be genetically more distantly related with species of 
other subgenera. 
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Among the four species, Penaeus monodon, P. semisulcatus, P. merguiensis 
and P. chinensis, the former two species belonging to the same subgenus Penaeus 
formed a cluster. On the other hand, P. chinensis and P. merguiensis did not form 
a cluster although they belong to the same subgenus Fenneropenaeus. The genetic 
identity of 0.752 between P, chinensis and P. monodon is higher than the value of 
0.583 between P. chinensis and P, merguiensis. Thus, the present study indicates 
that P. chinensis is more closely related to the P. monodon cluster than to P. 
merguiensis. Based on morphological characters, Yu and Chan (1990) stated that 
P. chinensis can easily be distinguished from other species of the subgenus 
Fenneropenaeus. Thus, P. chinensis seems to be the most distantly related species 
within Fenneropenaeus. The relationships of P. chinensis with other penaeids have 
not been previously investigated by isozyme analysis. It should be noted that the 
number of loci scored in the present study is quite limited for differentiating closely 
related groups. Therefore, phylogenetic status of P, chinensis can be elucidated 
by scoring more loci in future studies. 
Under the six subgenera grouping, P. japonicus is separated from the 
subgenus Melicertus and placed in the subgenus Marsupenaeus (Holthuis, 1980). 
Thus, based on morphological characters, the difference between P, japonicus and 
P. latisulcatus is large enough to put them into different subgenera. The 
t 
dendrogram of the present study shows that these two species are more related with 
each other than with other members of Penaeus studied. However, the genetic 
identity of 0.555 between P. japonicus and P. latisulcatus is comparatively low 
when compared to the identity value of 0.755 between the two closely related 
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species P. monodon and P. semisulcatus. Furthermore, the average distance value 
between P. japonicus and species other than P. latisulcatus is 0.703 (Table 4.6). 
This value is larger than the average value of 0.548 within Penaeus and is only 
slightly smaller than the value of 0.783 between Penaeus and Metapenaeus. The 
distance value between P, monodon of the subgenus Penaeus and P. merguiensis 
of the subgenus Fermeropenaeus is 0.417. This value is much smaller than the 
distance value of 0.589 between P. japonicus and P. latisulcatus. Thus, the 
genetic divergence between P. japonicus and P. latisulcatus is even greater than 
that between members of different subgenera. Thus, the results of the present 
study support the separation P. japonicus from the subgenus Melicertus and placing 
it in another subgenus Marsupenaeus which contains this species alone. 
5.4 Biochemical and molecular systematic studies of Penaeus and 
Metapenaeus 
Systematics of Penaeus and Metapenaeus based on morphological characters 
is well established (Dall et al 1990). On the other hand, electrophoretic data on 
Penaeus and Metapenaeus are scarce. The only study which focuses on the 
phylogenetic relationships of Penaeus and Metapemeus based on allozyme 
I 
electrophoresis was conducted by Mulley and Latter (1980) who studied the two 
genera in Australian waters. Lester (1979) studied the genetic differentiation 
among intraspecific populations of three Penaeus species in American waters, but 
without reference to the phylogenetic relationships among the species. There have 
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been no biochemical systematic studies conducted on the two genera in Indo-West 
Pacific region. The present study is probably the first comprehensive study 
providing electrophoretic data for the shrimps in this region. 
Dall et al (1990) stated that a large proportion of penaeid species may arise 
during the last glacial epoch. The shrimps of the same subgenus usually share 
many morphological characters and are sometimes difficult to distinguish from each 
other based on morphological features. Biochemical genetic studies provide genetic 
evidence to classify the shrimps. Electrophoretic data are also useful in 
investigating the relatedness of conspecific populations in different zoogeographical 
regions. With a knowledge on the geographic changes and climatic changes in the 
past, the evolution of penaeid shrimps can be deduced. As most of the species of 
the two genera, Penaeus and Metapenaeus, ia Indo-West Pacific and Atlantic 
regions have not been studied, the data available at this time are insufficient to 
draw a complete picture on the phylogeny and evolution of the two genera. 
As reviewed in Section 2.3, molecular techniques like DNA sequencing and 
restriction enzyme analysis can provide detailed and accurate information on the 
genetic variability and differentiation among natural populations. These molecular 
techniques are also very helpful in phylogenetic studies. Although molecular 
approaches in phylogenetic studies are common (see Section 2.3), there are still 
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very limited studies on penaeid shrimp. Palumbi and Brand (1992) used molecular 
« 
techniques to investigate the phylogenetic relationships of three Penaeus species, 
including P, (Litopenaeus) stylirostris, P. (L.) mnnamei，P, (Penaeus) esculentus, 
and one Metapenaeus species, M. endeavouri. The study used polymerase chain 
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reaction and DNA sequencing techniques to compare the sequence homology of the 
subunit 1 of cytochrome oxidase gene in the mitochondrial DNA among the species 
studied. The dendrogram shows a closer relationship between the two species of 
the subgenus Litopenaeus than to the other species. On the other hand, Palumbi 
and Brand also used restriction endonuclease analysis to measure the genetic 
differentiation between P. stylirostris and P. vannameL They found that the result 
is comparable to that obtained by comparing the partial sequence of a 12S 
ribosomal gene segment. Palumbi and Brand's study showed that penaeid 
mitochondrial DNA is amenable to sequence analysis using polymerase chain 
reaction by taking advantage of universal primers for animals such as those 
designed by Kocher et al (1989). The 12S rRNA primer and cytochrome oxidase 
primer used by Palumbi and Brand worked well in amplifying mitochondrial DNA 
from Penaeus and Metapenaeus, Similar studies can be extended to other species 
of the two genera in other zoogeographical regions and even other penaeid genera. 
Molecular techniques will no doubt expand the information on the genetic variation 
in penaeid shrimp and in the phylogeny of this group. The combination of 
information obtained from morphological, biochemical and molecular approaches 





Chapter 6 General Conclusions 
Ten species of three penaeid genera have been studied, including Penaeus 
chinensis, P. japonicus, P. latisulcatus, P, merguiensis, P. monodon, P. 
semisulcatus, Metapenaeus affinis，M. ensis, M. Joyneri and Metapenaeopsis 
b胁似a. The level of enzyme polymorphism over 17 genetic loci within each 
P織eus and Metapenaeus species is low, but substantial interspecific and 
intergeneric differentiation of most loci studied are noted. Genetic variability 
measured by mean proportion of polymorphic loci (P0.99) and mean heterozygosity 
per locus (H) in this study are well within the range reported for decapod 
crustaceans (Hedgecock, et al, 1982). Both values are slightly larger than those 
reported for Penaeus and Metapenaeus in Austfalian waters (Mulley and Latter, 
1980). As in other decapod crustaceans, the level of heterozygosity of the shrimps 
studied is very low when compared to other invertebrates (Nevo, 1978). The 
present study shows that genetic variability in Penaeus is comparatively higher than 
that in Metapenaeus, On the other hand, Metapenaeopsis barbata exhibits the 
highest degree of genetic variability. 
Low level of heterozygosity found in all Penaeus and Metapenaeus species 
studied can be explained by the hypothesis proposed by Selander and Kaufman > 
(1973). According to this theory, penaeid shrimp may perceive their environment 
as fine-grained and tend to develop a single phenotype specialized to the most 
frequently encountered sets of conditions. Thus, their genetic variability is low. 
Bottleneck effect due to a drastic reduction of breeding population size may also 
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be a major cause for the low level of heterozygosity in penaeid shrimp. Such 
effect may result from speciation due to isolation or from overfishing. The heavy 
fishing pressure in southern China may contribute to the low genetic variability 
reported in the present study. 
A dendrogram based on genetic distance values was drawn. The tree is 
composed of two clusters, one consisting of all Penaeus species studied and the 
other consisting of all Metapenaeus species studied and Metapenaeopsis barbata. 
The present study shows that Metapenaeopsis barbata and Metapenaeus are closer 
in phylogenetic relationship than either genus to Penaeus, On the other hand, 
Penaeus is more related to Metapenaeus than to Metapenaeopsis. The relationships 
among these three genera are supported by morphological data. Among the 
Metapenaeus cluster, M. ensis and M. affinis are niore closely related to each other 
than to Af. joyneri. 
Within the Penaeus cluster, members of the two subgenera, Penaeus and 
Fenneropenaeus, are more related to each other than other species and form a 
subgroup. Within this subgroup, P. monodon and P. semisulcatus which share a 
high identity value cluster together. Penaeus chinensis does not cluster with P. 
merguiensis although they both belong to the same subgenus Fenneropenaeus, 
Instead, Penaeus chinensis is closely related to the P, monodon cluster. The 
% 
phylogenetic status of P, chinensis requires further studies to ascertain. Penaeus 
% 
japonicus and P. latisulcatus form another subgroup in the Penaeus cluster. P. 
japonicus shares large genetic distance values with other Penaues species studied. 
The distance value between P, japonicus and P. latisulcatus is found to be greater 
100 
than that between subgenera, and this supports the separation of/>. japonicus from 
the subgenus 職ertus and placing it into another subgenus Marsupenaeus which 
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